The abrasive wear behavior of traditional compacted graphite cast iron (CGI) and compacted graphite cast iron with 0.1% tin addition (CGI-Sn) is studied using a pin-on-disk tribometer. The microstructures of these two CGIs were observed by optical microscopy and scanning electron microscopy. The results show that Sn reduces the average size of vermicular graphite and promotes the generation of pearlite. Sn narrows the average lamellar spacing of pearlite. In the wear tests, CGI-Sn yields a decreased wear loss by 16.5% compared with CGI. Both CGI and CGI-Sn show typical abrasive worn morphology, while CGI presents a more severe wear condition in which large fragmentations can be seen. Under the current test condition, Sn is likely to improve the abrasive wear resistance of compacted graphite iron. Further studies of the specific working conditions are needed, such as testing against frictional material in braking systems, to check the validity of the findings.
Introduction
Compacted graphite iron (CGI), also called vermicular graphite iron, is the most recent member of the cast iron family since the 1940s [1] . The vermicular-shaped (i.e., worm shaped) graphite is usually stubby with blunt edges, giving CGI a good combination of mechanical and physical properties that fall in between gray cast iron and ductile cast iron [2, 3] . CGI offers higher strength and stiffness than gray cast iron and easier casting and higher thermal conductivity than ductile cast iron [4] . Its unique thermal fatigue resistance makes it very suitable for certain applications such as internal combustion engines and brake components [5, 6] .
In the modern transportation era of higher speeds and capacities, CGI is increasingly used in both the railway and automobile industries to replace gray cast iron for brake disks [7] [8] [9] . During braking, the high kinetic energy of a vehicle is dissipated by frictional heat between the brake disk and brake pad [10] . Therefore, a brake disk undergoes repeated heating and cooling cycles under working conditions, making thermal fatigue a major concern for this component. Investigations of the thermal shock behavior of cast iron with different graphite shapes have shown that CGI has higher resistance to thermal cracking than both gray cast iron and ductile cast iron [1, 5] .
Wear resistance is another important property for brake components, and a number of investigations have demonstrated that CGI also has advantages in wear resistance over gray cast iron [7, 9] . For instance, this property was demonstrated in studies of surface oxidation and subsurface features of CGI subjected to wear [11, 12] . Some efforts were made to enhance the wear resistance of CGI by induction hardening and laser cladding [13] [14] [15] [16] . These methods are rather hard to perform and greatly increased the cost of production. On the other hand, alloying is likely to be an easy way to improve the properties of CGI. Copper, titanium, and tin were found to be effective in increasing the strength of CGI by promoting the formation of pearlite [17] [18] [19] , but the influences of these alloys to the wear resistance of CGI is not fully understood.
The aim of this work was to study the effect of tin on the abrasive wear behavior of compacted graphite iron using a pin-on-disk test rig. Microstructure and worn surfaces were measured and analyzed to characterize the likely mechanisms of wear.
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Experimental Setup
Materials
Two types of materials were tested in this study: one conventional CGI brake disk material (here called CGI), which is used on B-segment (typical overall length 3600-4200 mm) cars in Asia, and one novel CGI brake disk material with the addition of tin (CGI-Sn). For these two materials, the content of C, Si, Mn, P, and S was fixed to the same levels so as to isolate the effect the Sn. Table 1 shows the results of the chemical composition analysis of these two CGIs. A specimen was cast into a φ30 mm × 20 mm metal mold, and the chemical analysis was carried out by spectrometry (SHIMADZU© PDA-7000 optical emission spectrometer) on the chilled specimens. Specimens for microstructure observation and wear tests were cut from brake disks cast from the same heat as the chemistry specimens.
Microstructure Characterization
Specimens for metallography were prepared by a traditional method of grinding with abrasive paper followed by polishing with 0.25-μm diamond paste. Both unetched and etched specimens were observed. A ZEISS HAL100 optical microscope was used to observe the size and distribution of graphite from the unetched specimens. The specimens etched with 4% nital for 20 s were investigated using a PHILIPS Quanta 2000 scanning electron microscopy (SEM) to see the morphology of the matrix.
Wear Testing Technique
The wear tests were performed in a pin-on-disk tribometer test setup, in which the disk specimen was mounted horizontally and rotated by a motor. The pin specimen was held by a stationary pin holder that was vertical to the rotating disk. With this test setup, a variety of sliding contact conditions with varied contact pressures and sliding speeds can be conducted. The contact geometry used in the wear tests was a cylindrical pin 15 mm long with a flat 5-mm-diameter testing surface on a flat rotating corundum sandpaper. The average size of the corundum particles is 140 μm according to a china foundry association standard: T/CFA 010604 .06 2018. The surfaces of the pins were pre-ground to obtain a uniform initial arithmetic surface roughness (Ra) of 2 μm. Before testing, the pins were subjected to an ultrasonic cleaning procedure in heptane and methanol for 10 min each.
Every test was carried out with a new pin surface and a brand-new sandpaper to maintain the same test conditions. Each test was 30 min long with a contact condition of 1.0 MPa and 0.4 m/s, giving a total sliding distance of 720 m. Each test was repeated five times for each brake disk material under the same conditions. The wear loss of each specimen was measured by weighing the test specimen before and after the testing to the nearest 0.1 mg using a Sartorius ME614S analytical balance. After testing, morphologies of wearing were investigated using PHILIPS Quanta 2000 SEM for analyzing the likely wear mechanisms.
Results
Microstructure
The graphite morphology of CGI and CGI-Sn specimens is shown in Fig. 1 , where it can be seen that the vermicular graphite shows a homogeneous distribution in both the CGI and CGI-Sn specimens. The vermicular graphite in CGI-Sn has a smaller size on average than the CGI specimen. Figure 2 shows the matrix morphology of the CGI and CGI-Sn specimens. In Fig. 2 , the blackish worm-shaped phase is the vermicular graphite. The dark gray phase surrounding the vermicular graphite is ferrite. The shiny lamellar structured phase is pearlite. It can be seen that the traditional CGI specimen (Fig. 2a) contains a large amount of ferrite closely around the vermicular graphite. In CGI-Sn specimen (Fig. 2b) , ferrite is not found and the microstructure is composed only of vermicular graphite and pearlite. Table 2 presents the wear loss of CGI and CGI-Sn specimens, where the mean value and standard deviation of five repetitions are shown. It can be seen that CGI-Sn specimens averaged 16.5% less wear loss compared to the CGI specimens. In order to analyze the likely wear mechanisms for the tested two CGIs, typical worn surfaces of CGI and 
Wear
Discussion
In this study, the microstructure and abrasive wear behavior of compacted graphite cast iron (CGI) was strongly influenced by the addition of Sn. It is suggested by Fig. 1 that Sn decreases the graphite size in cast iron, which agrees with the findings of Shaban et al. [20] . The possible mechanism is likely to be the low melting point of Sn (231.9 °C). As a consequence, during solidification of molten iron, Sn will be one of the last components to solidify and will tend to stay at the front edge of the unsolidified melting, thereby hindering the growth of graphite. Figure 2 shows that the addition of Sn promotes the generation of pearlite in vermicular cast iron. Usually, during eutectic reaction, carbon atoms continuously move from austenite to graphite and leave a C-lack area around graphite, which will finally become ferrite. Lyu et al. [19] demonstrated that Sn tends to exist at the boundary between graphite and austenite during eutectic reaction, obstructing the C transfer. Consequently, the areas close to vermicular graphite contained enough C atoms to form pearlite. With respect to the abrasive wear test results (Table 2 ), it appears that the addition of Sn into CGI decreases wear loss, which could result from improvement in the microstructure (a reduction in graphite size and increase in pearlite). It is widely accepted that the properties of cast iron largely depend on the graphite morphology and matrix constitutions [1] . Graphite in cast iron yields a very low strength (~ 20 MPa), much lower than a typical strength value of the matrix. Usually, the graphite is considered to be tiny inclusions in the matrix and a smaller size of graphite tends to improve the properties of cast iron. In the current study, the CGI-Sn specimen had a smaller average size of graphite compared with the CGI specimen, indicating a higher abrasive wear resistance.
In addition to the graphite morphology, matrix constitutions also contribute to the properties of cast iron. For example, the austempering process is widely used to produce bainite, which largely improves the strength and wear resistance of ductile cast iron [21] . The properties of gray cast iron and compacted graphite iron depend more on the graphite than on the matrix, making gray cast iron and compacted graphite iron to be usually used as-cast. Therefore, techniques that can increase the amount of pearlite in the cast iron matrix are of great interest in the foundry industry. Alloying additions are considered to be effective for affecting the matrix structure [6] , and copper, molybdenum, and other elements have succeeded in altering the as-cast matrix from ferrite to pearlite [1] , improving the mechanical properties and wear resistance. Sn added as the alloying element also promoted the generation of pearlite (Fig. 2) , resulting in an increase in wear resistance (Table 2) .
From the worn surfaces shown in Fig. 3 , one can notice a clue to the improved wear resistance of CGI-Sn. In Fig. 3a , a severe abrasive wear morphology with a large number of plowing and fragmentation features can be seen. In contrast, the worn morphology of the CGI-Sn specimen in Fig. 3c indicates mild abrasive wear with cutting features on smoother surface. A large missing fragment can be seen in Fig. 3b (worn surface of CGI at high magnification). This fragment is likely to be a piece of vermicular graphite coupled with some ferrite around it (compare with the unworn matrix in Fig. 2a) . Ferrite is weaker than pearlite, and it can adhere strongly to graphite. Graphite, because it is the weakest part in cast iron, has a high chance of getting sheared off during relative sliding. In the same process, a large amount of ferrite is also peeled from the surface, resulting in a high wear loss of CGI. At the same magnification, similar kinds of fragments were not found in CGI-Sn specimen (Fig. 3d) . A small piece of peeling is likely to be seen on the worn surface (Fig. 3d) , which looks like a piece of vermicular graphite without matrix structure around it. In Fig. 2b , one can notice that ferrite around vermicular graphite disappeared when Sn was added to CGI. During relative sliding, graphite was preferentially peeled off due to its low strength and weak adhesive force with the matrix structure, while pearlite remains on the surface because of its high shear strength. This appears to be the likely mechanism of the decreased wear loss of CGI-Sn specimen compared with CGI specimen (Table 2) .
Conclusion
• In the testing range, Sn reduced the average size of vermicular graphite and promoted the generation of pearlite in compacted graphite iron.
• Sn-reinforced compacted graphite iron yielded a decreased wear loss by 16.5% compared to traditional compacted graphite iron.
• Traditional compacted graphite iron had wear morphology that indicated a severe wear regime, with large fragment sizes, and where scratching features can be seen.
• Sn-reinforced compacted graphite iron had a milder wear scenario with a smoother worn surface. The only peeledoff part during relative sliding was the vermicular graphite.
• Under these test conditions, Sn was likely to improve the abrasive wear resistance of compacted graphite iron. In further studies, the current findings should be validated in specific working conditions, e.g., by testing against frictional material in the application of braking systems.
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